INTRODUCTION
============

The ocean is the global climate system's second largest reservoir of heat and carbon dioxide (CO~2~) behind the solid Earth. Because of the correlation between global temperature and atmospheric CO~2~ concentrations over glacial cycles, the time scales involved, and the ocean's capability to store large amounts of CO~2~, it is thought that the ocean is a major player behind these changes ([@R1]). Most of the ocean below a depth of 1 km interacts with the atmosphere through less than 4% of the ocean's surface area, mostly at high latitudes ([@R2]). These high-latitude areas, particularly the Southern Ocean, are therefore crucial in controlling the exchange of CO~2~ between the atmosphere and the deep ocean. Numerous proxy data obtained from sediment cores, used to reconstruct past patterns of ocean circulation, confirm the important role of the Southern Ocean ([@R3], [@R4]). In particular, the ventilation of a water mass known as Antarctic Intermediate Water (AAIW) is of global significance. AAIW is formed by fresh Antarctic Surface Waters (AASW) ventilating the mid-depth Southern Ocean ([@R5]), leading to the redistribution of heat, freshwater, and nutrients throughout the global ocean ([@R6], [@R7]). AAIW is a significant sink of anthropogenic CO~2~ ([@R8]) and is recognized as being pivotal in explaining rapid transitions observed in Earth's past climate ([@R9]). Both observational ([@R10]) and model studies ([@R11], [@R12]) show a possible link between abrupt changes in the ventilation of AAIW and the collapse of North Atlantic Deep Water formation, pointing toward a crucial role of AAIW ventilation in contributing to, or even triggering, abrupt reorganizations of the global meridional overturning circulation (MOC).

Because of the rotation of Earth, persistent westerly winds over the Southern Ocean push surface waters to the north, leading to the steepening of isopycnals and subsequently the upwelling of carbon and nutrient-rich deep waters as part of the Southern Ocean MOC ([@R13]). Once these deep waters reach the ocean surface, they are able to exchange properties with the atmosphere before they re-ventilate the ocean interior. The resulting carbon budget is a delicate balance between these ventilation pathways ([@R14]). From a physical perspective, the balance between the outgassing of CO~2~ from the upwelling of natural carbon-rich deep waters and the drawdown of atmospheric CO~2~ by the ventilation process determines whether the Southern Ocean acts as a sink or source of CO~2~ to the atmosphere ([@R15], [@R16]). If the biological perspective is taken into account, this balance is also responsible for the availability of nutrients at the ocean surface, with consequences for the export of carbon into the ocean interior due to the sinking of biological matter ([@R17]). The net role of the Southern Ocean as a source or sink of CO~2~ is therefore a combination of both physical and biological processes ([@R3], [@R4]).

Fueled by observation-based evidence of rapid climate transitions in Earth's past, and the uncertainty of the ocean's heat and CO~2~ uptake in future climates, substantial effort has gone into understanding how these processes are likely to change under varying wind forcing ([@R15], [@R18], [@R19]), buoyancy forcing ([@R15], [@R20]), and sea ice cover ([@R21]). Most of this effort has focused on the wind-induced overturning by the Southern Ocean MOC. It has been shown that the upwelling of deep waters, although partially compensated by mesoscale eddies, increases continuously for an increase in wind stress ([@R22]). With winds predicted to increase under anthropogenic forcing ([@R23]), this would lead to enhanced outgassing of CO~2~ in the future, opposing anthropogenic carbon uptake ([@R24]), although these results remain controversial ([@R25]). While substantial progress in understanding this upwelling process has been made, very little is known about the processes that lead to the re-ventilation of these water masses. This is particularly the case for the ventilation of AAIW, for which many processes have been suggested as possible candidates, such as convection driven by air-sea fluxes, Ekman transport, eddy and turbulent mixing, and mixing at the base of the mixed layer, but no conclusion has been reached ([@R26]).

This study sheds some light on this problem by using a high-resolution numerical model of the Indian sector of the Southern Ocean to elucidate on the processes relevant to Southern Ocean ventilation. Using the topographically steered jet north of the Kerguelen Plateau (KP) as an example, I show how changes in wind stress affect jet dynamics and their interaction with topographic features and stratification. The sensitivity of jet dynamics to wind stress leads to changes in Southern Ocean ventilation, which are an order of magnitude larger than would be expected from changes in the Southern Ocean MOC alone. Once the wind stress is increased beyond a certain threshold, the jet dynamics abruptly change, allowing for the ventilation of AAIW. Since the jet dynamics discussed here depend on small-scale turbulent processes, it will be a tremendous challenge to represent these jet dynamics, and their effect on Southern Ocean ventilation, in models used for simulations of past and future climates. Nevertheless, it is only once we understand these dynamics that we can confidently predict possible rapid transitions in a future climate.

RESULTS
=======

Model simulations show rapid change in ocean ventilation
--------------------------------------------------------

The time- and depth-mean circulation in an eddy-resolving ocean model (Materials and Methods) of the Indian sector of the Southern Ocean is shown in [Fig. 1A](#F1){ref-type="fig"}. The prominent topographic features in this region are the KP and the SEIR, both of which develop strong jets along their northern boundaries due to the interaction of the Southern Ocean's background mean flow with topography. The model experiment shown represents "modern" conditions, with the wind and buoyancy forcing being annually and zonally averaged values from the year 2005. Six perturbation experiments were run in which the zonal component of the wind stress was varied, while all other forcing was kept constant (in the following, modern wind stress is denoted by τ, and perturbation experiments range from 0.5\*τ to 2\*τ; [Fig. 1B](#F1){ref-type="fig"}). In each experiment, a passive tracer, intended to represent a chemical species, such as CO~2~, undergoing atmosphere-ocean exchange processes but ignoring biological and chemical interaction, is introduced homogeneously at the ocean surface for 10 years after model equilibration. This passive tracer is restored with a 2-hour time scale, approximating an infinite tracer reservoir in the surface mixed layer (SML). Results below are shown after 5 years of tracer ventilation since, after this time, the limited domain of this model configuration affects results (Materials and Methods).

![Numerical simulation of the Southern Ocean ventilation.\
(**A**) Time- and depth-mean zonal velocities for the modern wind stress (color) and ocean depth (contours). Both the KP and the South East Indian Ridge (SEIR) are marked. Colored lines show locations of vertical transects shown in [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}. (**B**) Wind stress (N m^−2^) of the six perturbation experiments (the red line represents modern conditions). Only the westerly components of the wind stress are changed. (**C**) Changes in Southern Ocean ventilation as a function of changes in wind stress, where zero marks the annual and zonal average winds of 2005. The blue line shows changes in Southern Ocean overturning, the red line shows changes in tracer uptake integrated between water depths of 500 and 1500 m, and the black line shows the 1:1 line, that is, where wind changes equal ventilation changes. Circular markers show the different perturbation experiments.](aao4719-F1){#F1}

The first striking result of these model experiments is evident from [Fig. 1C](#F1){ref-type="fig"}, which shows changes of the maximum of the Southern Ocean MOC (blue line; Materials and Methods), and tracer concentrations in the ocean interior (integrated between depths of 500 and 1500 m) after 5 years (red line; Materials and Methods), as a function of changes in wind stress. The black line represents a 1:1 relationship between wind stress and ventilation changes. This figure shows that Southern Ocean ventilation, assuming an infinite tracer reservoir in the SML, is much more sensitive to changes in wind stress than the maximum in Southern Ocean MOC, which is the metric currently used to understand the role of Southern Ocean ventilation in past and future climates. For the perturbation experiments with a wind stress below modern values, changes in tracer ventilation are about twice as large as changes in the maximum of the Southern Ocean MOC, whereas for the perturbation experiments with a wind stress above modern values, changes in tracer ventilation are about one order of magnitude larger than changes in the maximum of the Southern Ocean MOC. As will be shown below, both the high sensitivity of Southern Ocean ventilation to wind stress and the change of behavior at modern wind stress values are closely related to changes in jet dynamics and their interaction with topography and stratification.

The second striking result is evident from [Fig. 2](#F2){ref-type="fig"}, which shows the geographic location at which the tracer ventilates the ocean interior. Snapshots of tracer concentrations at a depth of 200 m are shown for two perturbation experiments---for a wind stress of τ, 8 months after the tracer is introduced ([Fig. 2A](#F2){ref-type="fig"}), and for a wind stress of 2\*τ, 4 months after the tracer is first introduced ([Fig. 2B](#F2){ref-type="fig"}). These snapshots focus on the time when the tracer first ventilates the ocean interior and before the tracer is advected beyond the ventilation region. Note that because of the differences in ventilation mechanism, both times of snapshots and color scales in [Fig. 2](#F2){ref-type="fig"} (A and B) are different. These examples highlight the two different states of tracer ventilation, closely linked to two different dynamical states of the jet north of the KP (referred to as the Kerguelen jet in the following). For the perturbation experiment with a wind stress of τ ([Fig. 2A](#F2){ref-type="fig"}), tracer ventilation predominantly occurs in filaments downstream of the Kerguelen jet in a region commonly referred to as oceanic storm track, with storm tracks being regions of anomalously high eddy kinetic energy (EKE) downstream of topographic features caused by the instability of jets ([@R27]). On the other hand, for the perturbation experiment with a wind stress of 2\*τ ([Fig. 2B](#F2){ref-type="fig"}), tracer ventilation occurs along the Kerguelen jet. Both states of tracer ventilation have very different consequences for Southern Ocean ventilation.

![Tracer ventilation as a function of jet dynamics.\
Tracer concentration at a depth of 200 m for a wind stress of (**A**) τ, 8 months after the tracer is first introduced, and a wind stress of (**B**) 2\*τ, 4 months after the tracer is introduced. Black contours show time-mean velocities at 200 m to highlight the position of the Kerguelen jet. Note the different color scales.](aao4719-F2){#F2}

The role of the Kerguelen jet in these two states of tracer ventilation becomes even more evident by examining the time-mean tracer forcing at the ocean surface for the perturbation experiments with a wind stress of τ ([Fig. 3A](#F3){ref-type="fig"}) and 2\*τ ([Fig. 3B](#F3){ref-type="fig"}) and the time-mean vertical tracer advection at a depth of 200 m, where the depth is chosen to visualize the tracer being advected across the base of the SML, for the same perturbation experiments ([Fig. 3](#F3){ref-type="fig"}, C and D, respectively). The perturbation experiment with a wind stress of 2\*τ shows enhanced values for the tracer forcing at the ocean surface, which is consistent with an increased tracer ventilation by the Kerguelen jet, reducing the tracer concentration at the ocean surface and subsequently increasing the tracer forcing that restores the tracer concentration at the ocean surface (Materials and Methods). The enhanced values of tracer forcing at the northern boundary are due to currents coming out of the northern sponge layer where the tracer concentration is restored to zero and hence are a numerical artifact. The time-mean vertical tracer advection in the perturbation experiment for a wind stress of 2\*τ also shows much larger values than the perturbation experiment for a wind stress of τ, with changes again occurring along the core of the Kerguelen jet. From this figure, it is also evident that the dominant length scales of upward and downward advection, of the order of 100 km, point toward tracer ventilation being a consequence of the Kerguelen jet interacting with standing mesoscale features. Note though that this long-term mean will remove the footprint of small-scale eddies simply due to the chaotic and short-lived nature of these eddies. These small-scale eddies are crucial for the upper ocean vertical transport and are mostly due to mixed layer instabilities and frontogenesis that can be enhanced in an energetic mesoscale eddy strain field relevant to jets. In the following, the perturbation experiments with wind stresses of 0.5\*τ, τ, and 2\*τ will be used to further highlight the differences in tracer ventilation and jet dynamics, with the focus being on the Kerguelen jet.

![Location of tracer ventilation.\
Time-mean tracer forcing at the ocean surface for the perturbation experiment with a wind stress of (**A**) τ and a wind stress of (**B**) 2\*τ. Time-mean vertical tracer advection at a depth 200 m for the perturbation experiment with a wind stress of (**C**) τ and a wind stress of (**D**) 2\*τ.](aao4719-F3){#F3}

With tracer concentrations being visualized as colored dye on a log~10~ scale, [Fig. 4](#F4){ref-type="fig"} shows the extent to which the passive tracer has ventilated the ocean interior after 5 years. Vertical sections of tracer concentrations are shown in [Fig. 4](#F4){ref-type="fig"} (A to C) for the cyan transect in [Fig. 1A](#F1){ref-type="fig"} and in [Fig. 4](#F4){ref-type="fig"} (D to F) for the purple transect in [Fig. 1A](#F1){ref-type="fig"}. The cyan transect is chosen to be north of the ventilation region, and the purple transect is chosen to be downstream of the ventilation region, both to highlight tracer concentrations in the ocean interior rather than the ventilation region. Black contours in [Fig. 4](#F4){ref-type="fig"} (A to F) represent salinity, with AAIW being defined by the salinity minimum evident between depths of approximately 500 and 1500 m. For a wind stress of 0.5\*τ, the tracer is confined to the SML and hence there is no ventilation of the ocean interior ([Fig. 4](#F4){ref-type="fig"}, A and D). For a wind stress of τ, the tracer is ventilated into the top \~500 m of the water column, with tracer concentrations decreasing monotonically with depth ([Fig. 4](#F4){ref-type="fig"}, B and E). For a wind stress of 2\*τ, the tracer is ventilated across the base of the SML into AAIW, with a vertical separation between elevated tracer concentrations in the SML and AAIW ([Fig. 4](#F4){ref-type="fig"}, C and F). These results would suggest that tracer ventilation in storm track leads to deep SMLs, while tracer ventilation along the jet leads to tracer ventilation across the base of the SML into AAIW.

![Tracer ventilation as a function of wind forcing.\
Vertical section along a latitude of 43°S (cyan transect in [Fig. 1A](#F1){ref-type="fig"}) showing tracer concentration (color; on a log~10~ scale) and salinity (psu, practical salinity unit) (contours) for the perturbation experiment with wind stresses of (**A**) 0.5\*τ, (**B**) τ, and (**C**) 2\*τ. Vertical section along a longitude of 129°E (magenta transect in [Fig. 1A](#F1){ref-type="fig"}) showing tracer concentration (color; on a log~10~ scale) and salinity (contours) for the perturbation experiment with wind stresses of (**D**) 0.5\*τ, (**E**) τ, and (**F**) 2\*τ.](aao4719-F4){#F4}

Tracer ventilation intimately linked to jet dynamics
----------------------------------------------------

The different states of tracer ventilation are intimately linked to changes in jet dynamics, best explained using time-mean hydrographic sections across the Kerguelen jet, as shown in [Fig. 5](#F5){ref-type="fig"} for the green transect in [Fig. 1A](#F1){ref-type="fig"}. The time-mean ocean properties in [Fig. 5](#F5){ref-type="fig"} are zonal velocity ([Fig. 5](#F5){ref-type="fig"}, A to C), stratification (shown as buoyancy frequency; [Fig. 5](#F5){ref-type="fig"}, D to F), and salinity ([Fig. 5](#F5){ref-type="fig"}, G to I) for wind stresses of 0.5\*τ ([Fig. 5](#F5){ref-type="fig"}, A, D, and G), τ ([Fig. 5](#F5){ref-type="fig"}, B, E, and H), and 2\*τ ([Fig. 5](#F5){ref-type="fig"}, C, F, and I). The black feature in these panels is the northern edge of the KP, white contours mark isopycnal surfaces, and the approximate location of the bottom of the SML is shown by the green line. [Figure 5](#F5){ref-type="fig"} (J to L) shows a horizontal section of stratification at a depth of 120 m (which is approximately the depth of the SML) for the same perturbation experiments. The red patch in [Fig. 5H](#F5){ref-type="fig"} highlights a region of convection. Additional insight is gained from the transient behavior of the jet, shown on a Hovmöller diagram of zonal velocities at the ocean surface for wind stresses of 0.5\*τ ([Fig. 5M](#F5){ref-type="fig"}), τ ([Fig. 5N](#F5){ref-type="fig"}), and 2\*τ ([Fig. 5O](#F5){ref-type="fig"}). The abrupt change in jet dynamics occurs at a critical point between wind stresses of τ and 2\*τ (at approximately a wind stress of 1.25\*τ, which will become evident below). Beyond the critical point, the Kerguelen jet suddenly accelerates, westward jets appear at its flanks ([Fig. 5](#F5){ref-type="fig"}, A, D, and G), and, as seen in the Hovmöller diagram, the Kerguelen jet becomes more steady, locked in latitude, and smaller length scales appear ([Fig. 5](#F5){ref-type="fig"}, M to O). While an increase in wind stress from 0.5\*τ to τ leads to a decrease in stratification across the base of the SML across the Kerguelen jet ([Fig. 5](#F5){ref-type="fig"}, B and E), it is only when the wind stress increases to 2\*τ that convection across the base of the SML occurs, resulting in the ventilation of fresh (that is, low salinity) surface waters, known as AASW, into AAIW ([Fig. 5](#F5){ref-type="fig"}, C, F, and I), consistent with the ventilation of the passive tracer shown in [Fig. 4](#F4){ref-type="fig"}.

![Hydrographic sections across the Kerguelen jet.\
Colors show vertical sections along the green transect in [Fig. 1A](#F1){ref-type="fig"} of time-mean (**A**, **D**, and **G**) zonal velocity (meters per second), (**B**, **E**, and **H**) buoyancy frequency (per second), and (**C**, **F**, and **I**) salinity (psu), for the perturbation experiments with wind stresses of (A to C) 0.5\*τ, (D to F) τ, and (G to I) 2\*τ. White contours are time-mean isopycnals, and the green line is the time-mean mixed layer depth. The black feature is the northern slope of the KP. The red patch in (H) marks a region of time-mean convection. Horizontal sections of time-mean buoyancy frequency (per second) on a log~10~ scale at a depth of 120 m, chosen to represent the depth of the base of the SML, for the perturbation experiments with wind stresses of (**J**) 0.5\*τ, (**K**) τ, and (**L**) 2\*τ. Hovmöller diagrams of zonal surface velocities along the green transect in [Fig. 1](#F1){ref-type="fig"} for (**M**) 0.5\*τ, (**N**) τ, and (**O**) 2\*τ.](aao4719-F5){#F5}

This change in jet dynamics---ignoring their effect on ventilation for a moment---can be understood in more detail from [Fig. 6](#F6){ref-type="fig"}. Shown are time and zonal means, averaged between 66°E and 70°E, of vertical profiles of zonal velocities in the jet's core ([Fig. 6A](#F6){ref-type="fig"}, solid lines) and its northern flank ([Fig. 6A](#F6){ref-type="fig"}, dashed lines), depth-mean zonal velocities ([Fig. 6B](#F6){ref-type="fig"}), depth-mean EKE ([Fig. 6C](#F6){ref-type="fig"}), and the cross-jet potential vorticity gradient ([Fig. 6D](#F6){ref-type="fig"}). The potential vorticity gradient is a metric that is closely associated with the stability properties of a jet. A zero crossing in the potential vorticity gradient is associated with the necessary condition for the instability of the jet. The potential vorticity gradient used here is defined as β\* = β − *U*~*yy*~ and hence includes a contribution from Earth's rotation (β *= f*~*y*~, where *f* is the Coriolis parameter and *y* is latitude) and the meridional shear of the jet's depth-mean flow (*U*~*yy*~), and is a proxy for the jet's barotropic stability properties ([@R28]). In particular, the jet can become barotropically unstable when the stabilizing effect due to Earth's rotation is counteracted by the horizontal shear of the jet. Note that the topographic influence on the potential vorticity gradient is ignored here since it is not clear at which length scales topography affects jet dynamics.

![Dynamics of the Kerguelen jet.\
Jet properties are time- and zonal-mean values calculated between 66°E and 70°E. (**A**) Solid lines represent vertical profiles of zonal velocities in the core \[at 45°S; solid gray line in (B) to (D)\] of the eastward jet. Dashed lines represent vertical profiles of zonal velocities at the northern flank \[at 43°S; dashed gray line in (B) to (D)\] of the jet. (**B**) Depth-mean zonal velocities across the jet. (**C**) Depth mean EKE across the jet. (**D**) Smoothed potential vorticity (PV) gradient β\* = β − *U*~*yy*~, where β is the meridional gradient of the Coriolis force and *U*~*yy*~ is the meridional shear of the depth-mean zonal velocity. Colors represent the different wind perturbation experiments shown in [Fig. 1B](#F1){ref-type="fig"}.](aao4719-F6){#F6}

The change in jet dynamics shown in [Figs. 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"} can be interpreted as follows. For a wind stress of 0.5\*τ, the jet core has near-zero bottom velocities ([Fig. 6A](#F6){ref-type="fig"}, blue line) and its potential vorticity gradient is positive everywhere across the jet ([Fig. 6C](#F6){ref-type="fig"}, blue line). For this state, an increase in wind stress to τ leads to an increase in the jet's vertical shear ([Fig. 6A](#F6){ref-type="fig"}) and, consequently, an increase in its baroclinic instability with an associated increase in EKE ([Fig. 6C](#F6){ref-type="fig"}). At the critical point, the potential vorticity gradient approaches zero at its southern flank ([Fig. 6D](#F6){ref-type="fig"}), with a zero crossing of the potential vorticity gradient being the necessary condition for the barotropic instability of the jet ([@R29]). Once the wind stress further increases, the jet abruptly reorganizes its structure to equilibrate its eddy instabilities through modification of its mean structure by eddy fluxes ([@R30]). As a consequence, the eastward jet core significantly accelerates while its flanks develop two westward jets, leading to a large increase in the jet's lateral shear ([Figs. 5](#F5){ref-type="fig"}, G and L, and [6](#F6){ref-type="fig"}, A and B). This jet structure is now associated with a large positive potential vorticity gradient across the jet's core and negative potential vorticity gradients across both of its flanks ([Fig. 6D](#F6){ref-type="fig"}). Beyond the critical point, a further increase in wind stress results in the acceleration of the jet core's depth-mean velocities and, subsequently, a further increase in the jet's lateral shear while keeping its vertical shear near constant ([Fig. 6](#F6){ref-type="fig"}, A and B). At the critical point, the jet dynamics therefore abruptly change from that of a baroclinic jet, in which the jet's vertical shear increases as the jet is accelerated, to that of a barotropic jet, in which the jet's lateral shear increases as the jet is accelerated. This strong lateral shear is known to be able to suppress baroclinic instability, a process known as the barotropic governor ([@R31]), which explains why this jet can sustain such steep isopycnals without becoming unstable. The effects of jet dynamics on baroclinic instability and, hence, EKE can be used to find the critical point at which jet dynamics abruptly change. From [Fig. 5C](#F5){ref-type="fig"}, it is apparent that EKE adjacent to the jet increases from a wind stress of 0.5\*τ to 1.25\*τ, reaches a maximum of 1.25\*τ, and then decreases with further increases in wind stress. This is particularly evident in the region where the shear between the eastward jet core and its westward jets at its flanks becomes largest due to the barotropic governor increasingly suppressing baroclinic instability. For the Kerguelen jet, the critical point occurs for a wind stress increase of 25%.

In the Southern Ocean, strong westerly winds prevail and hence blow into the direction of the jets, a scenario usually referred to as "down-front winds" ([@R32]). These down-front winds lead to Ekman advection of buoyancy across the jet. Depending on the lateral gradients of buoyancy and momentum across the jet, the Ekman advection of buoyancy can lead to convection across the base of the SML ([@R32]). As evident from vertical sections of stratification across the Kerguelen jet ([Fig. 5](#F5){ref-type="fig"}, B, E, and H), increasing winds erode the stratification across the base of the SML across all perturbation experiments, but it is only beyond the critical point, where the jet changes from baroclinic to barotropic, that this reduction in stratification is sufficient to lead to convection across the base of the SML \[[Fig. 5](#F5){ref-type="fig"}, B, E, and H; note that the mixed layer depth in the jet (\~400 m in the case of 2\*τ) is much deeper than the boundary layer parameterized by KPP (K-profile parameterization) for the same region (\~100 m in the case of 2\*τ) and hence is not a numerical artifact due to the choice of this parameterization scheme (Materials and Methods)\]. This convection allows the passive tracer ([Fig. 4](#F4){ref-type="fig"}, C and F) and AASW ([Fig. 5I](#F5){ref-type="fig"}) to ventilate AAIW along the jet. As evident from [Fig. 5](#F5){ref-type="fig"} (J to L), which shows a horizontal section of stratification at the base of the mixed layer at a depth of 120 m, convection across the base of the SML is confined to the core of the jet, that is, regions where lateral gradients of buoyancy and momentum are largest. These results therefore point toward the possibility of the abrupt reorganization from a baroclinic to a barotropic jet and the associated increase in the lateral gradients of buoyancy and momentum, which is a prerequisite for the ventilation of AAIW along the jet.

The role of jet dynamics in Southern Ocean ventilation can be summarized as follows. Because of the interaction of the Southern Ocean's background mean flow with topography, strong jets appear adjacent to this topography, such as the Kerguelen jet discussed here. For the example of the Kerguelen jet, an increase in winds of up to 1.25\*τ leads to an increase in the jet's vertical shear, which is associated with an increase in EKE due to baroclinic instability in both the jet and the associated storm track. The consequence of this increase in storm track intensity is a change from no tracer ventilation (0.5\*τ) to the tracer being ventilated into a deep SML (0.75\*τ to 1.25\*τ). Once the wind stress increases beyond the critical point at 1.25\*τ, the jet abruptly changes its structure to a barotropic jet with westward jets at its flanks, increasing its lateral shear and hence suppressing baroclinic instability due to an effect known as the barotropic governor. Because of the emerging barotropic governor, a further increase in winds leads to a decrease in EKE and increasingly steep isopycnal surfaces. This abrupt increase in cross-jet gradients of buoyancy and momentum, combined with down-front winds, leads to convection across the base of the SML. This convection across the base of the mixed layer, combined with the steep isopycnal surfaces across the jet, leads to the ventilation of AAIW along the jet.

While the model experiments shown here resolve mesoscale turbulence with length scales of the order of 10 to 100 km and Rossby numbers of *R*~o~ = ζ*/f* \<\< 1 (where ζ *= v*~*x*~ − *u*~*y*~ is the relative vorticity and *f* is the planetary vorticity), these model experiments barely resolve submesoscale turbulence with length scales of the order of 1 to 10 km and Rossby numbers of *R*~o~ = *O*(1). Nevertheless, it is the submesoscale turbulence, which is associated with strong vertical velocities, that is thought to dominate tracer ventilation ([@R33]). An insight into how the dynamics presented here could affect submesoscale turbulence and hence tracer ventilation can be gained from snapshots of Rossby numbers for the different perturbation experiments ([Fig. 7](#F7){ref-type="fig"}). For a wind stress of 0.5\*τ, the Rossby number *R*~o~ \<\< 1 ([Fig. 7A](#F7){ref-type="fig"}), and no tracer ventilation occurs. For a wind stress of τ, the Rossby number *R*~o~ increases predominantly in the storm track downstream of topography ([Fig. 7B](#F7){ref-type="fig"}), consistent with tracer ventilation occurring in this region. For a wind stress of 2\*τ, the cross-jet gradients of buoyancy and momentum abruptly increase. This increase in cross-jet buoyancy gradient energizes submesoscale turbulence ([@R33]), which is consistent with Rossby numbers abruptly increasing to *R*~o~ = *O*(1) adjacent to the Kerguelen jet ([Fig. 7C](#F7){ref-type="fig"}). If submesoscale turbulence were resolved, then the ventilation of the tracer would very likely substantially increase in regions of *R*~o~ = *O*(1).

![The dependence of Rossby numbers on wind stress.\
Rossby numbers *R*~o~ = ζ*/f*, where ζ = *v*~*x*~ − *u*~*y*~ is the relative vorticity and *f* is the planetary vorticity, at the ocean surface for (**A**) 0.5\*τ, (**B**) τ, and (**C**) 2\*τ.](aao4719-F7){#F7}

Model results agree with observations of jets and ventilation
-------------------------------------------------------------

While observations related to the dynamics of Southern Ocean jets and their effect on tracer ventilation are sparse, the few observations that exist are consistent with the dynamics proposed here. Using observational data sets, it has been shown that Southern Ocean ventilation is a very localized process, associated with topographic features ([@R34]). This has also been confirmed using observationally based estimates of anthropogenic carbon concentrations to show the localized nature of anthropogenic CO~2~ ventilation ([@R35]). More recent work has used biogeochemical autonomous floats (BGCArgo) to detect intermittent ventilation events in oceanic storm tracks ([@R36]). All these observational studies agree with the jet dynamics in the case of a baroclinic jet, with ventilation occurring in storm tracks. For the ventilation of AAIW, in the case of a barotropic jet, observations become even more sparse. Most of the AAIW ventilation under current climate forcing occurs in Drake Passage, where the Southern Ocean jet known as the polar front (PF) is pushed through the narrow gap between South America and Antarctica. Observations of the PF in this region show both zero crossings of the cross-jet potential vorticity gradient and bottom velocities of the order of 0.04 to 0.05 m s^−1^ ([@R37]), similar to the barotropic state of the jet discussed here, that is, the state for which AAIW ventilation occurs. In 1998, an interference between El Nino--Southern Oscillation and the Southern Annular Mode led to an anomalous wind forcing with winds in the region of AAIW ventilation being directed in an up-front direction rather than the usual down-front direction. A time series of physical and biogeochemical properties between 1969 and 2005, produced from transects across Drake Passage, shows that in 1998/1999, AAIW suddenly warmed, salinified, and de-oxygenated ([@R5]). These observations suggest an interruption of AAIW ventilation for 1 to 2 years following this anomalous wind forcing, pointing toward the crucial role of down-front winds in ventilating the ocean interior. Nevertheless, to test whether this anomaly in AAIW ventilation can be explained by the jet dynamics introduced here, it would be necessary to run multiple perturbation experiments of the circulation in Drake Passage. These experiments would be technically very challenging and computationally expensive since the topography of Drake Passage prevents the use of a simple re-entrant model configuration, as done in this study, and hence it would be necessary to simulate the full Southern Ocean.

DISCUSSION
==========

While a plethora of observation-based evidence points toward the existence of rapid climate transitions in Earth's past, and it is generally accepted that these are closely linked to Southern Ocean dynamics, the processes relevant to contributing to, or triggering, these rapid climate transitions have remained elusive. Here, I show, using the jet north of the KP as an example, how the dynamics of Southern Ocean jets and their interaction with topographic features and ocean stratification can lead to rapid changes in Southern Ocean ventilation. For a small increase in wind stress, these jet dynamics lead from a state where the tracer is confined to the SML to a state where the tracer is ventilated into the ocean interior. Once a certain threshold in wind stress is passed, jet dynamics abruptly change, allowing for the ventilation of fresh AASW into AAIW. These dynamics could lead to a rapid change in Southern Ocean surface stratification, the transport of heat, freshwater, and nutrients at intermediate depths into the global ocean, and could potentially have crucial impacts for the Atlantic MOC. On the basis of observation-based evidence of past ocean circulation, all of these changes are thought to have played a crucial role in rapid climate transitions in Earth's past ([@R28], [@R38], [@R39]). In addition to consequences on the surface and mid-depth ocean, changes in freshwater forcing in the shallow Southern Ocean can lead to changes in the global deep ocean stratification ([@R40]) and hence modify the efficiency of the deep global ocean as a carbon trap ([@R41]).

There are two main reasons why it is only now that the important role of jets in Southern Ocean ventilation has emerged. First, it is only over the past few years that it has become evident that nonzonal dynamics are essential to understand the Southern Ocean's Antarctic Circumpolar Current, such as, for example, its equilibration ([@R42]) and the localized nature of observed CO~2~ ventilation ([@R35]). Much of the previous literature on ocean ventilation has focused on the role of the Southern Ocean MOC, which is generally assumed to be a residual between the wind-driven Ekman overturning circulation and an eddy overturning circulation driven by eddy buoyancy fluxes, with eddy momentum fluxes (also known as Reynolds stresses) assumed negligible. Nevertheless, to understand the localized jet dynamics presented here, it is necessary to take into account eddy momentum fluxes, which are closely associated with the strong lateral shear in the barotropic jet. Second, it is only over the last few years that computational resources reached a point where numerical models of the Southern Ocean can be run at sufficiently high horizontal resolution, such as the 1/20° horizontal grid spacing used here, to resolve jet dynamics in the Southern Ocean. Nevertheless, for the complete picture of Southern Ocean ventilation, one has to take into account both dynamics of the Southern Ocean MOC and jet dynamics; it is the delicate balance between these two processes that is relevant to understanding carbon and nutrient budgets in the past, current, and future Southern Ocean.

The model grid spacing used in this work is 1/20° in the horizontal, which resolves the jet dynamics presented here. This horizontal grid spacing needs to be compared to the 1° grid spacing (or coarser) used in studies that model past ocean circulation (due to their need to run over long time periods) and the 1/4° grid spacing of most climate models used by the Intergovernmental Panel on Climate Change (IPCC) to predict climate for the next centuries. A doubling of horizontal grid spacing, taking into account the necessary adjustments of the model time step, results in approximately an order of magnitude increase in computational resources. Extending this work to the global ocean to understand the impact of rapid changes in Southern Ocean ventilation on global climate would therefore push the current generation of supercomputers to their limits. Nevertheless, with a steady increase in computational resources, it would be of great benefit to extend this work from being restricted to the Indian sector of the Southern Ocean to simulate the circumpolar Southern Ocean. In particular, Drake Passage is of great interest because of its central role in AAIW ventilation in our current climate. It is possible that a change in wind forcing in glacial climates could have resulted in a shutdown of Southern Ocean ventilation in this region, leading to the highly stratified Southern Ocean observed in glacial climates ([@R38]).

Reynolds stresses (convergence of eddy momentum fluxes) are crucial for maintaining Southern Ocean jets. Thus, to represent jet dynamics in simulations of past and future climates, it is necessary to either resolve or parameterize these Reynolds stresses. Both conceptual models used to study the role of the global MOC and eddy parameterizations in more realistic models such as those used by the IPCC currently assume Reynolds stresses to be negligible. While regional models, such as the model used in this study, are capable of resolving Reynolds stresses using computational resources available today, it needs to be shown whether global climate simulations, run at lower grid spacing, are able to adequately represent these jet dynamics and associated changes in Southern Ocean ventilation. Until computational resources allow for global ocean models to fully resolve Reynolds stresses, these models rely on parameterizations of these unresolved processes. One approach to achieve this is to build on existing eddy parameterizations, which are limited to eddy buoyancy fluxes and include Reynolds stresses ([@R43]). Another promising approach is to parameterize Reynolds stresses using stochastic eddy parameterizations that improve jet dynamics in eddy-permitting ocean models, that is, models that partially resolve the relevant dynamics ([@R44], [@R45]). Nevertheless, much work remains until these approaches can be applied in realistic simulations of global climate, with the abrupt change described in this study, at wind stresses predicted for the very near future, pointing toward the urgency to make progress in this field.

To develop adequate eddy parameterizations, it is first necessary to understand the underlying dynamics of the processes presented here. This study provides a very descriptive approach to show how jet dynamics can abruptly change, with important consequences for Southern Ocean ventilation, but many challenging questions about the detailed dynamics remain. While it has previously been demonstrated that jets can abruptly reorganize their structure as a consequence of small changes in their forcing ([@R30]), these efforts have been limited to highly idealized model configurations aimed at representing the atmospheres of Earth and giant gas planets, such as Jupiter and Saturn. Nevertheless, the abrupt change in jet dynamics presented here is closely related to the interaction of jets with topography and ocean stratification, both of which are absent in these previous studies. To explore the dynamics behind this abrupt jet reorganization, it is therefore necessary to work from the knowledge gained from these highly idealized model configurations toward the more complex dynamics described in this study.

The main caveats of this study are the very idealized surface forcing used and the regional, re-entrant domain of this model configuration. Here, the wind forcing is a zonal and annual mean, and it will have to be shown in future work how these results would change under a seasonal cycle or a large amount of stochastic variability on both seasonal and interannual time scales. Seasonal cycles and stochastic variability might also make it harder to detect the processes shown here. The passive tracer is also introduced at the ocean surface with a short time scale, which is equivalent to an infinite tracer reservoir in the SML, and it will have to be shown in future work how this choice affects the percentage change in ventilation presented here. While the processes described here could, to some extent, change in a more realistic model configuration with, for example, a global model domain and an interactive atmosphere, these caveats are also the strength of this particular model configuration. It is only in such an idealized model configuration that it is possible to separate the physical process of interest from many other processes occurring in a more complex model. Taking into account current limitations of supercomputing resources, it is also only possible to run multiple perturbation experiments with sufficient model grid spacing if the model domain is limited in its spatial extent. Several future directions to extend this work become apparent. The abrupt change in jet dynamics presented here leads to an abrupt increase in Rossby number, with consequences for submesoscale processes and hence the ventilation process. Submesoscale processes are barely resolved in this model configuration, and further work is necessary to understand changes in ventilation if these processes were resolved, including the interaction of submesoscale processes with the jet dynamics presented here. It also remains an open question why ventilation does not occur at the SEIR where a similar strong jet is observed. One difference in this region is that topography does not reach close to the surface, and the jet north of the SEIR is close to the boundary of the model domain, which could have effects on ventilation in this region. Another difference is that the jet in the SEIR moves in latitude with changes in wind stress, while the KP jet is pinned to its position by the KP. More idealized experiments would be necessary to understand this discrepancy. More work is also necessary to further understand the adjustment time scales of this abrupt change in jet dynamics and its role in Southern Ocean ventilation. The model results discussed here are based on equilibrated experiments, and hence, it is not known how long the wind has to increase for it to change Southern Ocean ventilation---is a storm enough, or an increase of winds during winter, or a long-term increase of winds as predicted by climate models for the coming decades? With more supercomputing resources becoming available in the future, much can be learned from using the idealized experiments used here in conjunction with more complex climate models to understand the consequences of jet dynamics on the global climate system.

MATERIALS AND METHODS
=====================

Ocean model configuration
-------------------------

The ocean model used was the Massachusetts Institute of Technology general circulation model (MITgcm) ([@R46]). It uses depth coordinates, partially filled cells for the bathymetry, a quadratic bottom drag coefficient of 0.0025, a nonlinear equation of state ([@R47]), a seventh-order advection scheme, and the K-profile parameterization ([@R48]). The model domain ranged from 57° to 129°E in longitude and 70° to 35°S in latitude and hence included the steep topography associated with the KP and the SEIR. The horizontal grid spacing was 1/20°, which converts to a zonal grid spacing of \~4.5 km at the northern boundary and \~1.9 km at the southern boundary, with a meridional grid spacing of \~5.6 km. The vertical resolution was resolved by 150 layers, ranging from 10 m thickness at the surface to 50 m thickness at depth.

The model topography was taken from the 1-min-resolution Shuttle Radar Topographic Mission ([@R49]) with a maximum depth of 5000 m. The model domain was made periodic in the east-west direction, and the topography was interpolated over 4° bands at its eastern and western bands to avoid discontinuities. The northern boundary was relaxed over a 1°-wide sponge layer with a relaxation time of 4 days to annually and zonally averaged climatological fields taken from year 2005 of the Southern Ocean State Estimate ([@R50]). At the ocean surface, the model was forced to the annually and zonally averaged sea-surface temperature (which was restored with a relaxation time of 15 days), freshwater fluxes, and wind forcing from the Southern Ocean State Estimate. The Southern Ocean MOC was calculated using the MITgcm's layer package ([@R51]), with the maximum value being determined for all regions south of the sponge layer. For this reference experiment, the total zonal transport was equal to 155 Sverdrup (1 Sverdrup = 10^6^ m^3^ s^−1^), which was close to the observed value of the transport estimated in Drake Passage of 173.3 Sverdrup ([@R52]). A more detailed comparison of this model configuration with observations can be found elsewhere ([@R53], [@R54]).

Perturbation experiments
------------------------

In the perturbation experiments, the westerly component of the wind stress was changed to multiples of the annually and zonally averaged wind stress of the year 2005 taken from the Southern Ocean State Estimate ([Fig. 1B](#F1){ref-type="fig"}). With the 2005 winds used as the reference case, and denoted by τ, five perturbation experiments were run where the westerly component of the wind stress was perturbed to 0.5\*τ, 0.75\*τ, 1.25\*τ, 1.5\*τ, and 2\*τ. In all perturbation experiments, forcing at the northern boundary and the surface remained the same as in the reference experiment. All perturbation experiments were run for 30 years starting from the equilibrated reference experiment, with results shown here being mean values over the last 10 years. [Figure 8](#F8){ref-type="fig"} shows EKE, baroclinic transports (*T*~bci~), barotropic transports (*T*~btp~), and maximum Southern Ocean MOC (Ψ~max~) for all perturbation experiments. Similar to EKE derived from satellite observations and modeling studies, EKE increases with increasing wind forcing ([@R55], [@R56]). Because of the complex topography in the model, baroclinic and barotropic transports were calculated using a two-layer model approximation ([@R57]) at the most eastern longitude of the model domain. The barotropic transport (*T*~btp~) was defined as the average velocity in the bottom layer multiplied by the ocean depth, and the baroclinic transport (*T*~bci~) was defined as the difference in transport between the upper and lower layers. The boundary between the two layers was chosen to be 1600 m, with the transport anomalies in the perturbation experiments being insensitive to this choice ([@R57]). As shown in [Fig. 8](#F8){ref-type="fig"}, the baroclinic transport changed very little with wind stress, an effect known as "eddy saturation" ([@R56], [@R58]), whereas the barotropic transport increased with wind stress. The insensitivity of the baroclinic transport is the reason why ocean observations show little change in isopycnal slopes over recent decades during which wind speeds increased ([@R59]). The Southern Ocean MOC increases less than linearly with wind stress owing to a partial compensation of the wind stress by mesoscale eddies, an effect known as "eddy compensation" ([@R2]). All of these metrics agree with previous work.

![Properties of equilibrated perturbation experiments.\
Equilibrated mean EKE (blue line), baroclinic transport (*T*~bci~; green line), barotropic transport (*T*~btp~; red line), and maximum MOC (Ψ; cyan line) are shown for all the perturbation experiments. Transports are given in units of Sverdrup, where 1 Sverdrup = 10^6^ m^3^ s^−1^.](aao4719-F8){#F8}

Tracer ventilation
------------------

A passive tracer has been introduced at the ocean surface over the last 10 years of model integration. This is done by relaxing the tracer concentration to a value of 1, with a relaxation time scale of 2 hours, homogeneously everywhere south of 37.6°S. North of this latitude, no tracer is introduced because of the numerics of the sponge layer, leading to unphysical vertical motion of the tracer. At the northern boundary of the model domain, the tracer concentration is relaxed to zero to simulate the tracer leaving the domain. The transient increase in tracer concentration in the mid-depth Southern Ocean, integrated between depths of 500 and 1500 m, is shown in [Fig. 9](#F9){ref-type="fig"}. Tracer concentrations increase over approximately 5 years before leveling off due to the tracer being relaxed to zero once reaching the northern sponge layer. Tracer concentrations shown in [Fig. 4](#F4){ref-type="fig"} are a 2-month mean after 5 years of tracer input at the ocean surface.

![Transients of tracer ventilation.\
Changes of tracer concentration integrated between depths of 500 and 1500 m with time. Colors represent the different wind perturbation experiments shown in [Fig. 1B](#F1){ref-type="fig"}.](aao4719-F9){#F9}
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